Microcystin toxin-producing cyanobacteria are known to have harmful effects on humans and animals. We have developed a loop-mediated isothermal amplification (LAMP)-based detection method by targeting the microcystin synthetase B gene (mcyB), the gene responsible for the production of microcystin. The sensitivity of the method was found to be 1 fg per reaction, and it was 1000-fold higher than the conventional PCR. The LAMP method was able to amplify the target gene with a minimum amount of dNTP (0.4 mM), which further reduces the cost of reaction. The improved LAMP assay could detect the presence of the toxin-producing cyanobacteria in water samples within 2 h of time, which demonstrates the rapidness of the method. Freshwater samples were screened using the developed LAMP, and seven water samples collected from lakes and a bird sanctuary tested positive for mcyB gene harboring cyanobacteria, and negative in all other drinking waters. Hence, the developed LAMP could be a possible alternative to the existing molecular methods for screening for microcystin in environmental samples with greater sensitivity.
Introduction
Microcystins (MCs) are hepatotoxic metabolites of certain cyanobacterial species that are found in freshwater, brackish, and irrigation water supplies. Cyanobacterial species such as Microcystis, Planktothrix, Nostoc, and Anabaena are known to produce more than 100 different types of microcystins (Rinehart et al. 1994; Zastepa et al. 2017) . Accumulation of microcystin in the aquatic environment is a threat to both aquatic species and humans. Microcystins have potential toxic effects such as growth retardation, reproductive system problems, and changes in the neurotransmitter system in fishes (Hou et al. 2017; Yan et al. 2017 ). Irrigation of microcystin-contaminated water resulted in bioaccumulation of toxin in plants (Bittencourt-Oliveira et al. 2016 ).
Consumption of the toxin-accumulated plants and water adversely affects mankind. Microcystin interferes with the DNA damage repair pathway, which triggers the expression of proto-oncogenes in humans (Lone et al. 2015) . International Agency for Research on Cancer has classified the microcystins as a possible carcinogen . Microcystin toxicity alters the mobility and morphology of sperm and reduces the level of testosterone that decreases the male reproduction capacity (Zhou et al. 2012) .
Microcystin-producing cyanobacteria have been detected by different techniques such as LCMS (Vudathala et al. 2017) , aptamer-based immunoassay (Xiang et al. 2014) , ELISA (Preece et al. 2015) , and cellular biosensors (Mankiewicz-Boczek et al. 2015) . Even though ELISA is one of the essential diagnostic methods, it is unsuitable for screening environmental water samples and it is more expensive. Many of the above-reported methods are not suitable for direct detection of toxin-producing cyanobacteria. Molecular diagnostic methods are a potential alternative for early detection of toxin-producing cyanobacteria. Molecular methods based on multiplex PCR (Barón-Sola et al. 2012) , qPCR (Sipari et al. 2010 ) and HRM qPCR (Manali et al. 2017) have been used to detect the microcystin-producing cyanobacterial species. However, these methods require 1 3 378 Page 2 of 7 specialized equipment, which limits their on-field application for screening microcystins.
The loop-mediated isothermal amplification (LAMP) method amplifies the target gene under isothermal conditions with an optimum temperature between 60 and 65 °C. The strand displacement activity and auto-cycling activity of Bst DNA polymerase with high processivity resulted in an enhanced amplification rate, and helped the LAMP detect the target in less time. LAMP reactions utilize four designed primers including two outer (F3 and B3) and two inner primers (FIP and BIP) that recognize six distinct regions of the target gene. The initial LAMP reaction produces a stemloop structure of DNA, and subsequent cyclic reactions will result in 10 9 copies of target in less than an hour. Hence, the LAMP method will amplify even a small quantity of the target DNA, which helps in the early detection of the pathogen. The amplified products consist of a stem-loop with several inverted repeats of the target gene, which result in the ladder-like bands in agarose gel electrophoresis (Notomi et al. 2000) . LAMP assay is highly specific to the target due to its primer specificity. A water bath is adequate to amplify the target gene in an isothermal condition which enables its applicability for on-field screening of environmental samples.
The cluster of ten microcystin synthetase genes (mcyA-J) produces different types of microcystin. The toxin producers can be identified by detecting the microcystin synthetase genes (Kaebernick et al. 2002) . In the previous studies, various genes such as mcyA (Dong et al. 2016; Oh et al. 2013) , mcyE (Rantala et al. 2006) , and mcyB (Misson et al. 2012) were used as molecular markers for detecting the microcystin-producing cyanobacteria. The mcyB gene is known to be involved in the addition of l-Leu and d-MeAsp to the growing polypeptide chain of microcystin biosynthesis. Since mcyB gene plays an important role in the formation of microcystin, detecting the microcystin-producing species using the gene as a marker could be more sensitive and reliable.
In the current study, we developed mcyB gene targeting LAMP with greater sensitivity and rapidness in detecting the microcystin-producing cyanobacteria. The developed method was also tested with fresh water samples collected in and around Chennai, Tamil Nadu, India.
Materials and methods

Collection and growth of the bacterial strain
Microcystis aeruginosa (NIES-843) strain was procured from the National Institute of Environmental Studies (NIES), Japan. The culture was grown in a BG11 medium under the following conditions: 25 °C ± 1 °C, 60 µmol photons m −2 s −1 and 14:10 h of light/dark cycle (Manali et al. 2017) . All the medium components used in this study were purchased from Himedia Pvt Ltd., India.
Cloning of the mcyB gene
The genomic DNA from M. aeruginosa (NIES-843) was isolated using the CTAB method (Murray and Thompson 1980) . The mcyB gene was amplified using PCR with the gene-specific primers (FP: 5′ CCC CAG GCA AGC AGA AAT TCA GGA 3′ and RP: 5′ CCC CAT AGC AAC CACC GTCAA AGG 3′). The PCR was performed with 15 mM MgCl 2 , 40 mM KCl, 10 mM Tris-HCl (pH 8.0), 10 pmol forward and reverse primers, 10 mM dNTP, 1U Taq DNA polymerase and 100 ng of template DNA. PCR was performed for 35 cycles with the following conditions: 95 °C for 60 s, 55 °C for 60 s and 72 °C for 60 s. The amplified mcyB gene was cloned into a pGEM-T Easy Vector (Promega, USA), and transformed into Escherichia coli Top10 strain (Invitrogen). The positive clones were selected and the plasmids harboring the mcyB gene (pMCYB) were isolated and subsequently used for both PCR and LAMP assays.
Design of LAMP primers
Different mcyB genes sequences were retrieved from a gene sequence database repository (http://www.ncbi.nlm. nih.gov), and multiple sequence alignment was performed (http://www.genom e.jp/tools -bin/clust alw). The unique and conserved regions of the mcyB gene were identified. The conserved portion of the gene was used as a target region for LAMP primer designing using Primer Explorer V4 (http:// www.prime rexpl orer.jp). LAMP primers contain a pair of inner (F3 and B3) and outer primers (FIP and BIP). FIP has the sense sequence of F2 and the complementary sequence of F1, while BIP contains sense sequence of B1 and the complementary sequence of B2 (Fig. 1) . The LAMP primers recognize six distinct regions in the mcyB gene.
Optimization of LAMP
The LAMP reaction was performed with a final volume of 25 µL containing 10 mM dNTP, 20 mM Tris-HCl, 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 8 mM MgSO 4 , 0.1% Tween 20, 5 pmol F3, 5 pmol B3 primers, 40 pmol FIP, 40 pmol BIP primers, 8U Bst DNA polymerase (New England Biolabs, USA) and 150 ng of pMCYB. The isothermal LAMP reactions were performed at 65 °C using a water bath (Rathinasabapathi et al. 2015) . The amplified products were visualized on 2% agarose gel and stained with ethidium bromide. LAMP reaction conditions were optimized to improve the amplification efficiency and to reduce the cost and time of the reaction. Different concentrations of MgCl 2 (2, 4, 6 and 8 mM) and dNTP (0.2, 0.4, 0.6 and 1.2 mM) were tested to find the optimum LAMP conditions. The reaction time of LAMP was varied from 30 to 60 min to evaluate the rapidness of the LAMP in detecting mcyB gene.
Sensitivity of LAMP and PCR
PCR and LAMP were performed with various quantities of pMCYB ranging from 1 ng to 1 ag in each reaction. The sensitivity (detection limit) of both the methods was compared. The amplified product of PCR and LAMP was investigated on 1 and 2% agarose gel, respectively, and visualized using ethidium bromide staining under a gel documentation system (Gelstan, Medicare Pvt Ltd, India).
Screening of water samples using LAMP
A total of 21 water samples (250 ml each) were collected in sterile glass containers from different places: (1) lakes and open ponds that provide drinking water for the Chennai city (2) Vedanthangal Bird Sanctuary near Chengalpattu, Kanchipuram district, Tamil Nadu, and (3) chlorinated drinking water samples. The collected water samples were concentrated using a vacuum concentrator (Eppendorf Vacuum Concentrator Plus, Germany) at 60 °C for 75 min. The concentrated samples were stored at − 20 °C and it was used for the analysis. All the assays were performed in triplicates.
Results
Cloning of mcyB gene
The conserved region of the mcyB gene from M. aeruginosa was cloned into the pGEM-T Easy Vector. The positive recombinant colonies were selected using mcyB genespecific colony PCR using FP and RP primers (Fig. 2) . The plasmid DNA from the positive clones was isolated and used as a template for optimization of PCR and LAMP.
Optimization of LAMP
LAMP primers were designed using the conserved region of mcyB (212 bp) and the primer-binding region, mentioned in Fig. 1 Fig. 1 . During LAMP, a loop-like structure is created with the help of FIP and BIP primers, which produces the ladderlike DNA fragments in agarose gel electrophoresis. The Bst DNA polymerase displaces the newly synthesized strands using the outer primers (F3 and B3). During the optimization of LAMP conditions, the effects of Mg 2+ and dNTP concentrations were evaluated (Figs. 3, 4) . In different Mg 2+ concentrations between 2 and 8 mM, the amplification of mcyB gene was best observed at 6 mM Mg 2+ concentration (Fig. 3) . The amplification was observed in all the reactions containing different dNTP concentrations (0.2 mM, 0.4 mM, 0.8 mM and 1.2 mM). However, high-magnitude amplification was observed at 0.4 mM dNTP concentration (Fig. 4) . Also, the effect of betaine was tested by the addition of 1M betaine to a reaction mixture containing 0.4 mM dNTP, but it did not enhance the amplification efficiency of the LAMP (Fig. 4) . LAMP was performed at different reaction times (15, 30, 45 and 60 min) and a detectable amplification was found in 30 min (Fig. 5) . However, the amplification magnitude was in higher at 45 min. Subsequent reactions were performed for 45 min under optimized LAMP conditions of 0.4 mM dNTP and 6 mM Mg 2+ concentrations.
Sensitivity of LAMP and PCR
The sensitivity of the LAMP and PCR was evaluated using 1000-fold serial dilutions of pMCYB under optimized conditions. The LAMP outer primers (F3 and B3) were used for PCR amplification of mcyB gene. The LAMP was detected the target gene up to 1 fg per reaction, but the PCR failed to amplify the gene after 1 pg (Fig. 6) . The detection limit of the LAMP was, therefore, 1000-fold superior to the conventional PCR reaction.
Detection of microcystin-producing cyanobacteria in water samples
The developed LAMP assay was used to screen different fresh water samples around Chennai, Tamil Nadu. We collected 21 freshwater samples from various locations in and around Chennai. The concentrated water samples were directly used for PCR and LAMP analysis. A total of seven samples tested positive for the mcyB gene using the LAMP, where only six samples were identified by PCR (Table 1) . LAMP detected the microcystin-producing cyanobacteria in five water samples collected from open lakes and ponds, while PCR identified only four of the samples. Amplification was positive for two water samples collected at the Vedanthangal Bird Sanctuary near Chennai by both the methods.
Chlorinated water samples did not show any amplification in PCR and LAMP methods.
Discussion
Microcystins are the class of hepatotoxin produced by certain cyanobacteria including M. aeruginosa in a freshwater ecosystem. Detection of toxin-producing cyanobacteria through microbiological and biochemical methods are time consuming and laborious. Microcystin-producing cyanobacteria possess gene cluster for microcystin synthetase. The absence of this gene cluster in the non-toxic cyanobacteria provides a way for identifying toxic cyanobacteria. The available PCR-and qPCR-based molecular methods used for the detection of M. aeruginosa have their limitation in screening the water samples. LAMP has the advantages over other methods including (1) higher specificity (2) ability to detect at lower pathogen copies, which was evident in the water samples (3) high level of tolerance to other inhibitory chemicals present in the sample that normally prohibit the PCR reactions (4) rapidness and (5) ability to use a water bath for the amplification reaction. Hence, we have developed a LAMP assay with enhanced sensitivity for detecting microcystin-producing cyanobacteria by targeting the mcyB gene.
The LAMP was optimized to increase the efficiency and reduce the detection time. We have not observed any beneficial effect of betaine on the LAMP assay, which is contrary to many other reports (George et al. 2011; Nagdev et al. 2011; Njiru 2011 ). However, some previous studies have mentioned an ineffectiveness of betaine in the reaction (Chen et al. 2011; Zhou et al. 2014) . Betaine increases the amplification efficiency and sensitivity of GC-rich regions by prohibiting the secondary structure formations. The region in mcyB gene used for the study has 42% GC content, which explains the lack of effect of betaine. Hence, betaine is dispensable for the target sequences with low GC content. The excessive Mg 2+ concentration stabilizes the mispriming of primers that decrease the specificity of the assay. Also, it prevents the denaturation of the DNA double strand by stabilizing the duplex structure (Markoulatos et al. 2002) . Conversely, low concentrations of Mg 2+ fail to amplify the target genes. The significance of optimum Mg 2+ concentration in LAMP has been mentioned in many earlier studies (Guan et al. 2010; Nemoto et al. 2009; Zhou et al. 2014) . We observed the positive amplification only after 6 mM Mg 2+ per reaction was added, which demonstrates the importance of Mg 2+ concentration in the LAMP reaction. The mcyB gene was amplified even with 0.2 mM dNTP, and the amplification was consistent from 0.4 mM dNTP, which is less than the other earlier reports (Rathinasabapathi et al. 2015; Zhu et al. 2014) . The minimum usage of dNTP reduces the cost of the assay. In this study, the LAMP provides detectable amplification within 30 min and it can detect up to 1 fg of mcyB gene. The sensitivity and detection time are superior to the earlier mcyE gene-based LAMP assay that identified the pathogen only up to 17 pg of microcystin DNA in 60 min (Zhu et al. 2014) . The LAMP developed in this study had a 1000-fold higher sensitivity than PCR in detecting the mcyB gene. Hence, the developed method could be used for toxic cyanobacteria detection even before bloom formation. Screening water samples for the presence of microcystin using a PCR-based method has many limitations such as the need for instruments, the susceptibility of Taq DNA polymerase to inhibitors, and lower sensitivity. No algal blooms were observed in any of the water samples at the time of sample collection. However, LAMP assays could detect the microcystin-producing cyanobacteria in seven of the tested samples within 45 min. None of the chlorinated samples showed a positive result, which could be due to the toxic effect of chlorine components on cyanobacteria. The time taken for analysis is approximately 2 h, as it does not involve culturing and DNA isolation procedures. Greater sensitivity, lesser reaction time, and the suitability for on-field application make the method as a potential alternative to the existing molecular methods for identifying toxic cyanobacteria.
